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Abstract, The problem of the separation of Uranium isotopes from the fluid-dynamic 
point of view is consldered. The technique based on the separator nozzle effects is 
discussed. As this system works at low pressure, the analysis is performed in the 
slip flow regime. The boundary layer, transition and asymptotic regions for the 
velocity and concentration profiles in the nozzle are studied. 
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INTRODUCTION 
Isotope 
235 
U. fissionable by thermal neutron, is 
present 1” natural uranium es 0.7 mole %, while 
2% is requx-ed for fusion. Static diffusion and 
235 gas centrifuge process are the most important 
U enrichment systems. 
An alternative method is based on separation 
nozzle which rely on pressure gradients and iner- 
tial forces in a curved flow configuration for 
separating uranium isotopes from a gas containing 
UF6. 
In this respect. the first tentative experiments, 
suggested by Dirac 50 years ago, were not prom1- 
sing. Becker, 20 years ago. used successfully, 
instead of pure UFS. a mixture of IJFS and light 
auxiliary gas in high molar excess (Fig.1). 
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The complicated flow in a separation nozzle has 
only partly been assessed theoretically. In Ref. 
11) s0me preliminary results are discussed. 
Purpose of the present analysis is to present 
some fluid-dynamic models in the different re- 
gions of the nozzle for some parameters of the 
problem. 
The mixture considered here UFB. + He. Uranium 
hexafluorxde under ordinary condltlons is a dense 
white solid with a vapour pressure of about 120 
mm Hg at POOrn temperature. Despl te its high 
molecular weight gaseous UFS 1s almost a perfect 
gas and many of the propertles of the vapour can 
be predicted by the kinetic theory of the gases. 
A separation nozzle works at low pressure (typi- 
cal value: 30 mb). The Knudsen number 
k= 
mean free path of the molecules 
height of the nozzle 
is in the range 0.01-0.1 and, therefore, the 
flow occurs in the slip regime. The velocity at 
the wall is then related to the slope of the 
velocity profile by the condition uw = k un w. 
In the nozzle three kinds of behaviour of the 
velocity and concentration profiles are possible: 
boundary layer, transition and fully developed 
flows according to a scheme usually adopted in 
the entrance problem for a channel. (See upper 
corner of Fig. 2). 
In this analysis to calculate the two absclseas 
xflL 
(BOUNDARY LENGTH) and xTR (TRANSITION LENGTH) 
c aracterising the three regions for I;he present 
problem, approximate solutions for the velocity 
and the concentration ,fields are carried out. 
One considers here the influence of the Knudsen 
number k. the velocity U and the curvature l/r 
of the inner surface, the Reynolds and Schmidt 
numbers, the molecular weight of the mixture and 
the initial conditions in simple models. 
To solve the two diffusion equations it is assumed 
that the diffusion of the light isotope I” the 
mixture can be treated as the diffusion in a 
uniform gas; therefore the diffusion coefficient 
is approximately given by 
l/D = Nh/D1 h+ Cl-Nh)/D, ” 
1 = light, h = heavy, a = auxiliary. Moreover one 
assumes that the diffusion of the heavy Isotope 
in the mixture is not influenced by the light 
isotope. 
VELOCITY PROFILES 
A) Boundary Layer Region 
The basic equations are 
ux + v = 0 ; 
Y 
“” x+v” =!.I 
Y YYjR 
y = 0 : ” = ku + U ; y = 1 : ” = -ku 
Y Y 
This problem has been solved by an extension of 
the method of Ref. 121. It results 
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u = 1 + u-l exp(-y/hR l/2 
k/h+1 
) 
where 
4x = (l+")(2kh+h2) + 2k2(1-3U)log(l+h/k)+ 
.- 
If one supposes that the boundary layer region 
ends when the argument of the exponential is 
equal to -4 at y = l/2, thenlJ2e ,abscissa xBL, 
given by the condition h = 1/6R . 1s 
"XBL 
= (l+U)(2k/6R 1'2+l/64R)+2k2(l-3U) 
log(l+l/EihR 1'2)-4k2(l-")/(BkR1'2+1) 
and varies linearly with U. In particular, for 
U = 0 and k = 0 one has xBL = 1/256B. 
B) Fully developed profiles 
When u does not depend on x it is 
" = 6[k+y(l-y)]/(1+6k) + U(l+k)/(l+2k) 
The reference velocity is the initial mea" one. 
C) Transition region 
It is now 
""z+ ""Y+ px= " ; "z+ " 
=o z=sx 
YY Y 
with the b.c.: y=O u=ku +U ; y=l u=-ku 
Y Y 
Let: u = uo+ ul, where u. IS the asymptotic velo- 
city. 
We assume u =a(z)(a +aly+a2y2+a y3+a y4) where the 
coefficient; a (k.8) are dete?mine$ through the 
boundary condikions. The function a(e) and p 
are determined through the momentum and contiz 
nuity equations Integrated between 0 and 1, and 
evaluated at ~~0.5. 
It results a = Aexp(-bz). and if one aSS"llleS 
that the transition region ends at bz = 4. i.e. 
for z = 4/b, then 
'TR= 
4/b ; x TR= 4/sb 
Figures 2, 3, 4 show the main results of the 
calculations. 
lengths of the 
There LBL and LTR ,represent the 
boundary layer reglo" and of the 
transition region. respectively. 
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CONCENTRATION PROFILES 
A) Boundary layer region 
The governing equation for the concentration 1s 
c = 
z 
(cy+2Ac) 
Y 
where 
2A = (pmi-pmj)py/ppm ; z = sx ; s = D/Ud 
with D = diffusion coefficient; p = molecular 
weight, p = pressure. 
m 
The boundary conditions are: c(O,y) = c(z,-) = 1; 
cy(z,O) = -2Ac(z,O). 
This problem has been solved by means of the 
Laplace Transform technique and one has 
c = l-A(y/4-7/6A-Az/2)exp(-2Ay)erfc(y/Zz l/2 + 
Again if o"e assumes that the boundary layer 
region ends when the smallest argument of the 
error function IS equal to 2 at y = l/2, the" 
the abscissa xBL is given by 
448 5th ICWI 
2 "'= [(l+A/4)l'*-lj/A 
which, for A<l, gives the simpler approximate 
expression x9L = l/64-. 
For the mixture 238UF + He (5 mole + 95 mdie) it 
is (p .-p .)/p = 16.26! At p = 30 mb. 
u = 28 g?secmit 
say d=l mm. 
is D = 26 cm*/sec, s = 0.01, 
A = 4.35 d/r. 
Figure 5 shows the behaviour of the boundary 
layer thickness 6 
defined according $0 
as a function of x, 6c being 
the 99% rule. 
B) Asymptotic profile 
An asymptotic solution, independent of x. can be 
found from the diffusion equations, by imposing 
that the diffusion flux vanishes. This simple 
solution can be obtained directly from the equili- 
brium condition: 
pi== Pi”*/= 
where pi and pi are the partial pressure and the 
partial density respectively, taking into account 
that pi=~iRoT/pmi. As a result 
Pi/Pi1 
pmi 
= exp( - jPu2d=/r) 
RoT 'I 
For u = w=, with w constant angular velocity, it 
is 
'il = <pi>(l-p,iw2~dal/RoT) , 
'i2 = <Pi>(l+pmiw2=~da2/RoT) 
where al and a2, are numerical coefficients of 
the order of magnitude 1 and (pl> is the mea" va- 
lue of Pi. 
To obtain a" appreciable 
values of p. at I‘ = '1 
values of w a're requred, 
values of 
u*d=/= 
The linearized solution 
(1-exp-2A). 
C) Transition region 
difference between the 
and at r==*, high 
or-more in general-high 
is c = [2Aexp(-2Ay)]/ 
In this region the diffusion equation is 
Cz= (cy+2Ac) 
Y 
with z = sx : s = D/ud and the b.c. are 
cy=-2Ac at y=o and y=l at x=0 c=1. 
The problem can be analysed by means of the 
Laplace Tranform C = L[C] and one has 
C = klexpaly + k2expa2y + l/t 
where 
aI= -A-(A*+t) l/2 . , a2= -A+(A*+t) l/2 
kl= (expa2-l)/(al+2A)(expa2-expal) 
k2= (1-expal)/(a2+2A)(expa2-expal). 
The asymptotic solution c can be recovered by 
passing to :i; tC. One has again 
* 
c = 2Aexp(-2Ay)/ 1-exp(-2A) 
The solution c can be written as c=c+cl; thus it 
1s c = 
3 
c-c/t. The properties of the Laplace 
Trans o=m lead to 
c 1 = {zf(z.y)exp(-A2~)dz 
where F=L[f] is given by 
F = AexpA(l-y) 
Se" tl'2 [ 
1-exp(t l/*-A) exp(-ytl? + 
,j_tl/* 
+ exp(-A-t l/2)-1 
A+tl'2 
exp(yt 1'2))~C 
The": zTR(4/A2 ; xTR( 4/A*= and the transition 
abssissa can be eva uated by writing c=f(y)exp 
(-a 2). 
The diffusion equation and related boundary condi- 
tions give 
-a*f = f" + 2Af' 
fY= -2Af 
y=O.y=l 
f = Blexp(aly) + B2exp(a2y) 
al *= -A + 
2 21/2 
(A -a ) 
and the boundary conditions lead to 
Bl(al+2A) + B2(a2+2A) = 0 
Bl(al+*A)expal+ B2(a2+2A)expa2= 0 
The eigenvalues of this system are a*=A*+"*n* a"d 
finally one has 
z TR= 4/(A'+n*)"* ; x = 4/s(A*+~*)~'~ 
Figure 6 shows the concentration profiles at 
various stations in the transition region. 
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